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Jackie Szymonifka, MA,a Hyuk-Jae Chang, MD, PHD,c Erica C. Jones, MD,a Paul Knaapen, MD,d Fay Y. Lin, MD,a
James K. Min, MD,a Jessica M. Peña, MD, MPHaABSTRACTISSOBJECTIVES The current meta-analysis aimed to evaluate the diagnostic performance of hybrid cardiac imaging
techniques compared with stand-alone coronary computed tomography angiography (CTA) for assessment of obstructive
coronary artery disease (CAD).
BACKGROUND The usefulness of coronary CTA for detecting obstructive CAD remains suboptimal at present.
Myocardial perfusion imaging encompasses positron emission tomography, single-photon emission computed
tomography, and cardiac magnetic resonance, which permit the identiﬁcation of myocardial perfusion defects to detect
signiﬁcant CAD. A hybrid approach comprising myocardial perfusion imaging and coronary CTA may improve
diagnostic performance for detecting obstructive CAD.
METHODS PubMed and Web of Knowledge were searched for relevant publications between January 1, 2000 and
December 31, 2015. Studies using coronary CTA and hybrid imaging for diagnosis of obstructive CAD (a luminal diameter
reduction of >50% or >70% by invasive coronary angiography) were included. In total, 12 articles comprising
951 patients and 1,973 vessels were identiﬁed, and a meta-analysis was performed to determine pooled sensitivity,
speciﬁcity, and summary receiver-operating characteristic curves.
RESULTS On a per-patient basis, the pooled sensitivity of hybrid imaging was comparable to that of coronary CTA (91%
vs. 90%; p ¼ 0.28). However, speciﬁcity was higher for hybrid imaging versus coronary CTA (93% vs. 66%; p < 0.001).
On a per-vessel basis, sensitivity for hybrid imaging against coronary CTA was comparable (84% vs. 89%; p ¼ 0.29).
Notably, hybrid imaging yielded a speciﬁcity of 95% versus 83% for coronary CTA (p < 0.001). Summary receiver-
operating characteristic curves displayed improved discrimination for hybrid imaging beyond coronary CTA alone, on a
per-vessel basis (area under the curve: 0.97 vs. 0.93; p ¼ 0.047), although not on a per-patient level (area under the
curve: 0.97 vs. 0.93; p ¼ 0.132).
CONCLUSIONS Hybrid cardiac imaging demonstrated improved diagnostic speciﬁcity for detection of obstructive
CAD compared with stand-alone coronary CTA, yet improvement in overall diagnostic performance was relatively limited.
(J Am Coll Cardiol Img 2018;11:589–99) © 2018 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).N 1936-878X http://dx.doi.org/10.1016/j.jcmg.2017.05.020
ABBR EV I A T I ON S
AND ACRONYMS
AUC = area under the curve
CAD = coronary artery disease
CMR = cardiac magnetic
resonance
CTA = computed tomography
angiography
CT = computed tomography
DOR = diagnostic odds ratio
FFR = fractional ﬂow reserve
ICA = invasive coronary
angiography
LR = likelihood ratio
MPI = myocardial perfusion
imaging
NPV = negative predictive
value
PET = positron emission
tomography
PPV = positive predictive value
QCA = quantitative coronary
analysis
QUADAS-2 = Quality
Assessment of Diagnostic
Accuracy Studies
SPECT = single-photon
emission computed
tomography
sROC = summary receiver-
operating characteristic
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590C oronary computed tomographyangiography (CTA) represents anoninvasive imaging modality that
permits direct visualization of coronary ar-
tery disease (CAD). Coronary CTA is a robust
tool for identifying the presence or absence
of CAD and provides a wealth of prognostic
information (1). Although numerous studies
have conﬁrmed the high negative predictive
value (NPV) and sensitivity of coronary
CTA, the positive predictive value (PPV) and
speciﬁcity of this modality are typically lower
(2,3). Speciﬁcally, an overestimation of ste-
nosis by coronary CTA is often observed
(4,5). In light of this ﬁnding, a coronary
CTA–guided coronary stenosis strategy
should perhaps be considered a suboptimal
indicator of obstructive CAD.
Myocardial perfusion imaging (MPI) en-
compasses positron emission tomography
(PET), single-photon emission computed
tomography (SPECT), and cardiac magnetic
resonance (CMR). These modalities identify
stress-induced wall motion abnormalities or
regional myocardial perfusion defects, and
they serve to identify individuals who may
have ﬂow-limiting coronary artery stenoses. A
hybrid approach combining both modalities,
MPI and coronary CTA, has the advantage of
fusing the anatomic coronary CTA–derivedSEE PAGE 600data with functional MPI perfusion data. In doing so, a
hybrid approach has the potential to overcome the
limitations of coronary CTA. One potential beneﬁt of
using perfusion data is that these data may assist in
differentiating artifact-driven stenosis from true cor-
onary luminal diameter narrowing, a distinction that
may facilitate in diminishing the false-positive rate of
coronary CTA. This dual-modality approach could
therefore improve diagnostic performance for detect-
ing obstructive CAD by overcoming many of the
drawbacks relative to stand-alone coronary CTA.Dalio Institute of Cardiovascular Imaging, Department of Radiolog
New York, New York; bDepartment of Radiology, Mayo Clini
Cardiovascular Hospital, Yonsei University Health System, Se
Medical Center, Amsterdam, the Netherlands; and the eDepartm
edars-Sinai Medical Center, Los Angeles, California. This study
41 and R01 HL118019; and was also supported in part by gener
d the Michael Wolk Foundation. Dr. Min serves on the adviso
and has a research agreement with GE Healthcare. All other aut
the contents of this paper to disclose. Drs. Rizvi and Han cont
he Guest Editor for this paper.
t received February 1, 2017; revised manuscript received May 23,To understand the clinical utility of this approach,
we conducted a systematic publication review and
meta-analysis to evaluate the diagnostic performance
of hybrid cardiac imaging techniques in comparison
with stand-alone coronary CTA for assessment of
obstructive CAD as determined by invasive coronary
angiography (ICA), a reference standard.
METHODS
PUBLICATION SEARCH. The electronic databases
PubMed and Institute for Scientiﬁc InformationWeb of
Knowledge (now known as Web Science) were sys-
tematically examined to locate relevant articles in
English by using predeﬁned search criteria (Table 1)
(2,6–16). The search was conﬁned to investigations
that were published between January 1, 2000, and
December 31, 2015. The following search terms were
used: positron emission tomography OR single photon
emission computed tomography OR magnetic reso-
nance imagingOR stressmyocardial perfusion imaging
OR functional AND (coronary computed tomography
angiography OR anatomic) AND (combined or hybrid
or comprehensive assessment) AND (diagnosis or
detection) AND (coronary artery disease OR myocar-
dial ischemia). Three investigators (A.R., D.H., and
J.L.) independently scanned all manuscripts and per-
formed data extraction. Abstracts were excluded
because of insufﬁcient data. All retrieved studies were
examined, and any potential overlapping data were
omitted. Two independent reviewers (A.R. and D.H.)
performed the ﬁnal screening of reports for inclusion
in the meta-analysis. In the event of any discord, a
general consensus was met between the reviewers
after further extensive review of the full text articles.
STUDY ELIGIBILITY. The inclusion criteria for studies
in the analysis were as follows: 1) symptomatic
patients with suspected CAD who underwent both
coronary CTA and MPI, using hybrid approach; 2) ICA
with quantitative coronary analysis (QCA) that served
as the reference standard for obstructive CAD with at
least 50% luminal diameter reduction; and 3) absolute
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TABLE 1 Study and Test Characteristics
First Author, Year
(Ref. #) Test Characteristics Patients Vessels Age, yrs Male
Criteria for Performing
Hybrid Imaging
Reference
Standard
Time
Interval QCA Threshold
Thomassen, 2013 (6) PET/64-slice MDCT 44 176 66  9 23 (52) Patients with
suspected CAD
QCA 1 day $50%
Groothuis, 2013 (7) CMR/64-slice MDCT 88 56  10 96 (49) Patients with
suspected CAD
QCA  FFR 2 months QCA >70% or FFR #0.75 if
30%–70% diameter
stenosis, or QCA >50%
if FFR was not available
Schaap, 2013 (8) SPECT/64-slice MDCT 98 63  10 67 (68) Patients with
suspected CAD
QCA þ FFR 14 days QCA $50%
FFR <0.80
Li, 2013 (9) SPECT/64-slice MDCT 54 216 57  9 36 (67) Patients with
suspected or
known CAD
QCA þ MPI 30 days $50%
Danad, 2013 (10) PET/64-slice MDCT 120 360 61  10 77 (64) Patients with
suspected CAD
QCA  FFR 70 days QCA $50%
FFR #0.80
Kadokami, 2012 (11) SPECT/64-slice MDCT 49 145 70  8 35 (71) Patients with
suspected or
known CAD
QCA þ MPI 3 months $50%
Kajander, 2010 (12) PET/64-slice MDCT 107 416 63.6  7 64 (60) Patients with
suspected CAD
QCA þ FFR 2 weeks QCA $50%
FFR #0.80
Winther, 2015 (13) SPECT/dual-source 138 54 (22–72) 94 (68) Pre-renal transplant
cardiac evaluation
QCA 34 days $50%
Scheffel, 2010 (14) CMR/dual-source 43 129 63  9 34 (79) Patients with
suspected or
known CAD
QCA 20 days >50%
Donati, 2010 (14) CMR/dual-source 47 141 64  9 38 (81) Patients with
suspected or
known CAD
QCA 8 days >50%
Sato, 2010 (16) SPECT/64-slice MDCT 130 390 67  11 91 (70) Patients with
suspected CAD
QCA 1 month $50%
Groves, 2009 (2) PET/64-slice MDCT 33 62 (47–74) 28 (85) Patients with
suspected CAD
QCA $50%
Values are N, mean  SD, or n (%).
CAD ¼ coronary artery disease; CMR ¼ cardiac magnetic resonance imaging; FFR ¼ fractional ﬂow reserve; MDCT ¼ multidetector computed tomography; MPI ¼ myocardial perfusion imaging;
PET ¼ positron emission tomography; QCA ¼ quantitative coronary analysis; SPECT ¼ single-photon emission computed tomography.
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591and true-positive or true-negative results when using
both coronary CTA and hybrid cardiac imaging
approaches that were reported in the article, or
wherein sufﬁcient data were available so that a 22
contingency table of results could be constructed.
Studies were excluded from this meta-analysis if a
computed tomography (CT) scanner with fewer than
64 slices was used. All patients in the studies selected
for this meta-analysis underwent both noninvasive
anatomic and functional imaging, regardless of the
coronary CTA ﬁndings.
DATA COLLECTION. For the current meta-analysis, 3
independent authors (A.R., D.H., and J.L.) initially
performed all data extraction, with subsequent veri-
ﬁcation independently performed by 2 of the authors
(A.R. and D.H.). The following data were collected for
each eligible investigation: year of publication,
patients’ demographics, type of hybrid cardiac
imaging methods, number of patients and vessels,
criteria for hybrid imaging, and the QCA threshold
used to describe obstructive CAD. The reference
standard for the current meta-analysis wasobstructive CAD with a diameter reduction of >50%
or >70%, as deﬁned by ICA with QCA analysis.
For the meta-analysis, absolute numbers of true- and
false-positive results and true- and false-negative
results were extracted from the articles or were
otherwise calculated from data provided in these
articles. The ﬁndings were then summarized in a 22
contingency table. The selected articles were
also evaluated for included references to ensure
complete inclusion of all studies. The methodological
quality of the selected studies was independently
assessed by 2 of the authors (A.R. and D.H.) according
to the Quality Assessment of Diagnostic Accuracy
Studies (QUADAS-2) scale (17). Any discrepancies in
quality assessment were resolved by consensus
discussion.
DATA ANALYSIS. Pooled measures for sensitivity,
speciﬁcity, likelihood ratios (LRs), diagnostic odds
ratio (DOR), and area under the curves (AUC) along
with their 95% conﬁdence intervals (CIs) were calcu-
lated using DerSimonian-Laird methodology (18).
Calculation of DOR in this meta-analysis permitted
FIGURE 1 Flowchart Describing the Publication Search and Selection Algorithm
Records identified through database
searching
(PubMed)
(n = 382)
Total records
(n = 527)
Duplicates removed
(n = 98)
Records excluded
(Abstracts screened
for relevance)
(n = 358)
Full-text articles excluded, with reasons
(n = 59)
• Full Manuscript was not available (n = 3)
• Case report or review article (n = 7)
• Reference standard was not ICA/QCA
  (n = 12)
• No diagnostic performance measures
  presented (n = 20)
• No hybrid imaging modality (n = 16)
• 16-slice CT scanner was utilized (n = 1)
Records screened
(n = 429)
Full-text articles
assessed for
eligibility
(n = 71)
Total number of
studies included in the
meta-analysis
(n = 12)
Additional records identified through
other sources
(Web of Science)
(n = 145)
CT ¼ computed tomography; ICA ¼ invasive coronary angiography; QCA ¼ quantitative coronary analysis.
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592testing of the discriminatory ability of both hybrid
cardiac imaging and stand-alone coronary CTA
for detecting obstructive and nonobstructive CAD.
Speciﬁcally, a DOR of 1 indicates that the test has no
discriminative power, and a higher DOR is associated
with improved diagnostic accuracy. The pooled
diagnostic data were presented in test summary
receiver-operating characteristic (sROC) curves,
which were reconstructed using Moses-Shapiro-
Littenberg methodology and having the pooled DOR
of each index test as their basis (19). The Deeks
method was used to test for possible publication bias
(20). A Cochran Q statistic and the I2 index were also
used to test for any heterogeneity among the
included studies. A substantial I2 index indicates
heterogeneity beyond sampling variation. The het-
erogeneity was deﬁned as low, moderate, and high by
an I2 index of 25% to 50%, 50% to 75%, and >75%,
respectively (21). Analyses were performed using
STATA software version 14 (StataCorp LP, College
Station, Texas) and Meta-DiSc 1.4 (22); p values <0.05
were considered statistically signiﬁcant.RESULTS
A systematic search revealed 527 potentially relevant
articles. After removing 98 duplicates, 429 articles
were screened by title and abstract. Of these, 71 arti-
cles were read in their full-text versions. Finally, a
total of 12 studies met the inclusion criteria and were
included in the meta-analysis. A ﬂowchart of the
search and selection process of the articles is shown
in Figure 1.
Baseline characteristics of each study are listed in
Table 1. Of a total 951 patients, 739 (72%) were male,
and the mean age within studies ranged from 54 to
70 years. A total of 1,973 vessels were included in
the current meta-analysis. Each study used at least
64-slice multidetector CT or dual-source CT scanners.
Three articles did not report per-patient diagnostic
performance of MPI (9,11,16). Per-vessel results of
coronary CTA and the hybrid approach were available
in only 8 articles (6,9–12,14–16), and per-vessel
results of MPI were reported in only 6 articles
(6,10,12,14–16).
FIGURE 2 Quality Assessment of Included Studies by QUADAS-2 Revised Criteria
FLOW AND TIMING
REFERENCE STANDARD
INDEX TEST
PATIENT SELECTION
QU
AD
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n
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Proportion of Studies with Low, High or Unclear
RISK of BIAS
60% 80%
Low High Unclear
100%
Proportion of Studies with Low, High or Unclear
CONCERNS Regarding APPLICABILITY
QUADAS-2 ¼ Quality Assessment of Diagnostic Accuracy Studies.
TABLE 2 Quality Assessment of the Studies Included in the Meta-Analysis Using the
QUADAS-2 Tool
First Author, Year
(Ref. #)
Risk of Bias Applicability Concerns
Patient
Selection
Index
Test
Reference
Standard
Flow And
Timing
Patient
Selection
Index
Test
Reference
Standard
Thomassen, 2013 (6) Low Low Low Low Low Low Low
Groothuis, 2013 (7) Low Low Low High Low Low Low
Schaap, 2013 (8) Low Low Low High Low Low Low
Li, 2013 (9) Low Low Low Low Low Low Low
Danad, 2013 (10) Low Low Low Low High Low Low
Kadokami, 2012 (11) Low Low Low Low Low Low Low
Kajander, 2010 (12) Low Low Low Low Low Low Low
Winther, 2015 (13) High Low Low High High Low Low
Scheffel, 2010 (14) Low Low Low Low Low Low Low
Donati, 2010 (15) Low Low Low High Low Low Low
Sato, 2010 (16) Low Low Low Low Low Low Low
Groves, 2009 (2) Low Low Low Unclear Low Low Low
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593QUALITY ASSESSMENT AND PUBLICATION BIAS. The
methodological quality of the included studies as
assessed by the QUADAS-2 score was generally good,
although the quality for ﬂow and timing was sub-
stantially poor, thus indicating a potential risk of
introduced bias (Figure 2). A summary of the
QUADAS-2 quality scores for each study is shown in
Table 2. Using Deeks’ test, there was no evidence of
publication bias on both a per-patient level and a per-
vessel level when using the hybrid and stand-alone
coronary CTA approaches (p > 0.05 for all) (Online
Figures 1A and 1B).
DIAGNOSTIC PERFORMANCE OF CORONARY CTA AND
MPI FOR ASSESSMENT OF OBSTRUCTIVE CAD. At the
per-patient level, coronary CTA and MPI displayed
comparable sensitivity (p ¼ 0.35) (Table 3). However,
coronary CTA showed lower speciﬁcity (66%) for
predicting obstructive CAD compared with MPI
(83%) (p < 0.001). At the per-vessel level, coronary
CTA exhibited somewhat improved speciﬁcity, and
results were similar compared with the MPI
approach (p ¼ 0.02) (Table 3). Sensitivity was higher
for stand-alone coronary CTA (89%) at the per-vessel
level when compared with MPI alone (78%)
(p < 0.001). On both a per-patient level and a
per-vessel level, sROC curves indicated that thediscriminatory power did not differ statistically
between coronary CTA and MPI approaches (p value
for difference >0.05) (Figures 3A and 3B).
DIAGNOSTIC PERFORMANCEOF HYBRIDAND CORONARY
CTA IMAGING METHODS FOR ASSESSMENT OF
OBSTRUCTIVE CAD. Pooled estimates of per-patient
and per-vessel sensitivity, speciﬁcity, positive likeli-
hood ratio (LRþ), negative likelihood ratio (LR), and
TABLE 3 Meta-Analysis for the Diagnostic Performance of Coronary CTA Alone, MPI Alone, and Hybrid Cardiac Imaging
N
Sensitivity
(95% CI)
Speciﬁcity
(95% CI)
Positive Likelihood
Ratio (95% CI)
Negative Likelihood
Ratio (95% CI)
Diagnostic Odds
Ratio (95% CI)
Per-patient analysis
Coronary CTA 12 0.90 (0.87–0.92) 0.66 (0.61–0.70) 3.39 (2.22–5.17) 0.06 (0.02–0.23) 53.80 (28.61–101.19)
MPI 9 0.87 (0.83–0.90) 0.83 (0.78–0.87) 5.02 (2.99–8.44) 0.15 (0.09–0.25) 39.55 (15.64–100.02)
Hybrid 12 0.91 (0.88–0.93) 0.93 (0.90–0.95) 12.80 (6.56–24.96) 0.11 (0.07–0.18) 159.00 (57.42–440.25)
Per-vessel analysis
Coronary CTA 8 0.89 (0.86–0.91) 0.83 (0.81–0.85) 5.75 (4.00–8.26) 0.14 (0.09–0.22) 44.27 (25.39–77.20)
MPI 6 0.78 (0.74–0.81) 0.87 (0.84–0.89) 5.24 (3.52–7.82) 0.25 (0.16–0.39) 22.59 (10.41–49.03)
Hybrid 8 0.84 (0.81–0.87) 0.95 (0.94–0.96) 16.53 (9.14–29.90) 0.14 (0.07–0.26) 137.90 (53.93–352.66)
CI ¼ conﬁdence interval; CTA ¼ computed tomography angiography; hybrid ¼ hybrid cardiac imaging encompassing single-photon emission computed tomography, positron
emission tomography, and cardiac magnetic resonance; MPI ¼ myocardial perfusion imaging.
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594DOR according to coronary CTA, MPI, and hybrid
approaches are reported in Table 3. Forest plots for
sensitivity and speciﬁcity on a per-patient level are
reported in Online Figure 2. On a per-patient level,
sensitivity, LR, and DOR of hybrid versus coronary
CTA imaging techniques to detect obstructive CAD
were 91%, 0.11, and 159.00, versus 90%, 0.06, andrves Displaying Diagnostic Performance of Hybrid Imaging Versus Stand-
10.6 0.8
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imaging; both p > 0.05. AUC ¼ area under the curve; sROC ¼ summary rec53.80, respectively (p > 0.05 for all). Hybrid imaging
displayed a higher speciﬁcity (93%) and LRþ (12.80)
when compared with stand-alone coronary CTA (66%
and 3.39; p < 0.05 for all). At the per-patient level,
sROC curves revealed that the hybrid imaging
approach did not exhibit a larger AUC value when
compared with stand-alone coronary CTA (0.97 vs.Alone Coronary CTA and MPI
oronary CTA: AUC 0.93 MPI: AUC 0.91 Hybrid: AUC 0.97
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TABLE 4 Meta-Analysis for the Diagnostic Performance of Various Hybrid Cardiac Imaging Modalities
N
Sensitivity
(95% CI)
Speciﬁcity
(95% CI)
Positive Likelihood
Ratio (95% CI)
Negative Likelihood
Ratio (95% CI)
Diagnostic Odds
Ratio (95% CI)
Per-patient analysis
SPECT/coronary CTA 5 0.92 (0.88–0.95) 0.90 (0.85–0.93) 10.38 (3.60–29.94) 0.08 (0.03–0.27) 158.16 (21.11–1185.00)
PET/coronary CTA 4 0.87 (0.80–0.92) 0.96 (0.92–0.99) 22.12 (5.20–94.00) 0.12 (0.05–0.29) 213.68 (25.94–1760.10)
CMR/coronary CTA 3 0.91 (0.83–0.96) 0.94 (0.88–0.98) 12.86 (5.90–28.02) 0.13 (0.07–0.26) 120.36 (35.42–408.98)
Per-vessel analysis
SPECT/coronary CTA 3 0.91 (0.86–0.95) 0.95 (0.93–0.96) 18.51 (8.01–42.76) 0.11 (0.05–0.24) 174.33 (52.59–577.89)
PET/coronary CTA 3 0.81 (0.75–0.86) 0.97 (0.95–0.98) 28.42 (7.68–105.17) 0.15 (0.04–0.51) 202.03 (19.51–2091.8)
CMR/coronary CTA 2 0.80 (0.73–0.87) 0.87 (0.79–0.92) 6.37 (2.69–15.07) 0.13 (0.01–2.07) 53.95 (13.48–215.83)
CMR ¼ cardiac magnetic resonance; PET ¼ positron emission tomography; SPECT ¼ single-photon emission computed tomography; other abbreviations as in Table 3.
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5950.93, respectively; p value for difference ¼ 0.132)
(Figure 3A).
Forest plots for sensitivity and speciﬁcity on a
per-vessel level are reported in Online Figure 3. On a
per-vessel level, speciﬁcity (95%) and LRþ (16.53)
were higher for the hybrid approach when compared
with stand-alone coronary CTA (speciﬁcity: 83% and
LRþ: 5.75; p < 0.05 for all) (Table 3). Moreover, on a
per-vessel basis, sROC curves showed a statistically
signiﬁcant and higher AUC value for the hybrid
approach when compared with stand-alone coronary
CTA (0.97 vs. 0.93, respectively; p value for
difference ¼ 0.047) (Figure 3B).
The I2 index test indicated signiﬁcant heterogene-
ity for sensitivity and speciﬁcity on both a per-patient
level and a per-vessel level (Online Figures 2 and 3,
Online Table 1). On a per-patient level, signiﬁcant
heterogeneity for sensitivity and speciﬁcity was
observed for coronary CTA (I2 index: 89% and 88%,
respectively; p < 0.001). On a per-vessel level, sig-
niﬁcant heterogeneity for speciﬁcity was observed for
coronary CTA (I2 index: 91%; p < 0.001). The hybrid
approach showed signiﬁcant heterogeneity for
sensitivity and speciﬁcity on a per-vessel level (I2
index: 88% and 87%, respectively; p < 0.001) (Online
Figures 2 and 3, Online Table 1).
DIAGNOSTIC PERFORMANCE OF HYBRID SPECT AND
CORONARY CTA, PET AND CORONARY CTA, AND CMR
AND CORONARY CTA IMAGING MODALITIES FOR
ASSESSMENT OF OBSTRUCTIVE CAD. Overall, hybrid
SPECT and coronary CTA demonstrated the highest
sensitivity at both a per-patient level (92%) and a
per-vessel level (91%) for assessment of obstructive
CAD as compared with PET and coronary CTA (87%
and 81%, respectively; p < 0.05 for all) (Table 4).
However, speciﬁcity was higher for PET and coro-
nary CTA as compared with SPECT and coronary
CTA. The speciﬁcity for PET and coronary CTA was
96% at the per-patient level and 97% at theper-vessel level, as compared with SPECT and coro-
nary CTA (90% and 95%, respectively; p < 0.05 for
all). Despite this ﬁnding, there were no differences
in the sROC curves among the various hybrid
imaging modalities on either a per-patient level or a
per-vessel level (p values for difference >0.05 for all)
(Figures 4A and 4B).
DISCUSSION
In the current meta-analysis, we investigated the
diagnostic performance of hybrid MPI and coronary
CTA cardiac imaging compared with stand-alone
coronary CTA for identifying obstructive CAD in
patients who underwent both anatomic and func-
tional testing. Overall, hybrid imaging techniques
outperformed stand-alone coronary CTA with supe-
rior speciﬁcity and LRþ. Moreover, at a per-vessel
level, hybrid versus stand-alone coronary CTA
imaging demonstrated improved discrimination on
the basis of sROC curves for identifying obstructive
CAD.
The current meta-analysis revealed that, at a
per-patient level, even though pooled sensitivity was
comparable for hybrid cardiac imaging modalities
versus stand-alone coronary CTA, pooled speciﬁcity
and LRþ were considerably higher for hybrid imaging
as compared with stand-alone coronary CTA.
Although the sROC curves demonstrated a trend
toward improved discrimination for hybrid imaging
for identifying obstructive CAD as compared with
stand-alone coronary CTA, the difference was not
statistically signiﬁcant, most likely because of the
relatively low per-patient sample size. Similarly, at a
per-vessel level, pooled sensitivity was comparable
for hybrid versus stand-alone coronary CTA imaging.
However, both pooled speciﬁcity and LRþ were
appreciably higher for hybrid versus stand-alone
coronary CTA imaging at a per-vessel level. Simi-
larly, at a per-vessel level, sROC curves for the hybrid
FIGURE 4 SROC Curves Displaying the Diagnostic Performance of Hybrid Imaging
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The p value difference at (A) the per-patient level and (B) the per-vessel level, single-photon emission computed tomography (SPECT)/coronary computed tomography
angiography (CTA) versus positron emission tomography (PET)/coronary computed tomography angiography, positron emission tomography/coronary computed
tomography angiography versus cardiac magnetic resonance (CMR)/coronary computed tomography angiography, and single-photon emission computed tomography/
coronary computed tomography angiography versus cardiac magnetic resonance/coronary computed tomography angiography; all p > 0.05. Abbreviations as
in Figure 3.
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596imaging approach displayed a signiﬁcantly higher
discriminatory ability for detecting CAD when
compared with the stand-alone coronary CTA
approach.
Previous individual studies showed that hybrid
cardiac imaging techniques have yielded superior
diagnostic performance for detecting obstructive
CAD, along with additional information regarding
hemodynamically signiﬁcant coronary lesions, when
compared with results of stand-alone coronary CTA
(9–12,23). The largest study included in this meta-
analysis demonstrated that hybrid imaging signiﬁ-
cantly improved speciﬁcity and overall accuracy
(95% and 91%, respectively) for the detection of
obstructive CAD compared with coronary CTA alone
(39% and 57%, respectively; p < 0.001) (7). Although
we did not evaluate clinical outcomes in this study,
our overall ﬁndings are also in keeping with seminal
data from invasive studies such as the multicenter
FAME (Fractional Flow Reserve Versus Angiographyfor Multivessel Evaluation) study, which demon-
strated that simultaneous assessment of anatomic
and physiological coronary lesions by ICA and frac-
tional ﬂow reserve (FFR) resulted in improved clinical
outcomes over anatomic analysis alone (24). The
current meta-analysis represents a systematic aggre-
gation of hybrid noninvasive cardiac imaging using
MPI and coronary CTA. It extends the ﬁndings of
smaller studies, which may be limited by factors such
as small sample size or single-center design, and it
broadens generalizability.
The diagnostic performance of stand-alone coro-
nary CTA is impeded by suboptimal image quality in
cases with motion artifacts or heavy calciﬁcation.
Indeed, previous data demonstrated a relatively low
PPV of coronary CTA in the evaluation of CAD (25).
These ﬁndings are of practical clinical importance
because they can lead to increased downstream
testing and unnecessary invasive procedures such as
ICA. ICA assessment carries an associated risk of
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597complications and therapeutic interventions of
nonischemic coronary artery lesions, particularly in
patients with a low to intermediate pre-test likeli-
hood of CAD (26,27). Stress MPI incorporating SPECT,
PET, and CMR provides additive diagnostic beneﬁt by
assessment of the functional signiﬁcance of coronary
artery stenoses. In pooled analyses, the sensitivity
and speciﬁcity of MPI to diagnose obstructive CAD is
typically between 85% to 90% and 70% to 75%,
respectively (28–30). However, despite the high re-
ported diagnostic performance of MPI, its real-world
accuracy is less sanguine. When corrected for
referral bias (more positive studies undergo the gold
standard test), the sensitivity and speciﬁcity for
identifying individuals with obstructive CAD are
approximately 65% and 67%, respectively (31).
Numerous potential explanations exist to account for
these ﬁndings, including patient motion artifacts,
variable techniques for attenuation correction, true
MPI abnormalities such as diffuse atherosclerosis,
and variation by sites.
Given the aforementioned limitations of coronary
CTA and MPI individually, hybrid imaging holds ap-
peal as an efﬁcient diagnostic strategy in the work-up
of suspected CAD. In fact, the current consensus
recommendation of the Society of Cardiac Computed
Tomography and the American College of Radiology
on coronary CTA reporting, the Coronary Artery
Disease Reporting and Data System (CAD-RADS), is
that physicians “consider functional assessment” in
patients with CAD-RADS category 3, or 50% to 69%
stenosis (32). Although a cost-effectiveness analysis
was outside the scope of the current study, routine
implementation of a hybrid anatomic-functional
approach would necessitate further study of its
beneﬁts, harms (including radiation doses), costs,
and unintended consequences. Although the addition
of a second imaging examination would be expected
to increase upfront costs, it must be balanced by
consideration of its effect on downstream testing and
procedures. Limited data suggest that hybrid SPECT
and coronary CTA are associated with optimal
resource use and improved selection for ICA and
revascularization (33). Recognizing that the economic
burden of hybrid imaging could be a signiﬁcant
practical barrier to implementation, further study
could also focus on populations in which it may be
most clinically meaningful—in patients with inter-
mediate stenosis or suspected microvascular
dysfunction. In routine practice, a logical approach
would be sequential testing after an initial equivocal
test result (34) or when questions remain about the
presence of microvascular dysfunction.The clinical utility of a hybrid imaging strategy is
further supported by the recent multicenter EVINCI
(EValuation of INtegrated Cardiac Imaging for the
Detection and Characterization of Ischaemic Heart
Disease) hybrid substudy (35). In this study of 252 pa-
tients with suspected CAD, nearly 20% of patients un-
dergoing hybrid imaging had a perfusion defect on
myocardial perfusion scintigraphy reassigned to a
different coronary artery. Matched abnormal coronary
CTA and myocardial perfusion scintigraphy perfusion
ﬁndings were associated with a relatively high rate of
revascularization as compared with mismatched or
discordant ﬁndings, thus emphasizing the clinical
value of hybrid imaging (35). Further study of the clin-
ical utility of a hybrid anatomic-functional approach
could also consider the addition of newer CT applica-
tions such as noninvasive FFR derived by cardiac CT
(FFRCT) or atherosclerotic plaque features that could be
performed without additional imaging requirements.
In routine clinical practice, however, access issues and
ﬁnancial barriers remain around FFRCT.
STUDY LIMITATIONS. Understanding which partic-
ular method of hybrid cardiac imaging may provide
the highest diagnostic performance for the assess-
ment of obstructive CAD was beyond the scope of this
study, given the limited number of studies included
in this analysis. Hence whether stand-alone coronary
CTA provides improved diagnostic performance in
combination with SPECT, PET, or CMR could not be
adequately assessed on the basis of the current study
ﬁndings. Although speciﬁcity was highest for PET and
coronary CTA when compared with SPECT and
coronary CTA or CMR and coronary CTA on both per-
patient and per-vessel levels, the sROC curves dis-
played the lowest discriminatory ability for PET and
coronary CTA against other hybrid modalities for
identifying obstructive CAD, with a statistically
nonsigniﬁcant p value for difference. Data from
additional studies may elucidate the role of various
imaging methods for detecting obstructive CAD (36).
The reference standard was not invasive FFR
because not all pooled studies in this investigation
used FFR as the reference standard. Consequently,
given the paucity of available data, QCA was used as
the reference standard in the current meta-analysis.
Despite an observed 3-fold difference in the DOR
when using a hybrid imaging approach rather than
coronary CTA alone for assessing obstructive CAD,
caution should be taken when interpreting
these ﬁndings in light of the relatively few studies
that were available for this meta-analysis; this
small number of studies was likely responsible
for the relatively wide 95% CIs. The statistical
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: In the
current meta-analysis, hybrid cardiac imaging using
coronary CTA and MPI demonstrated superior
speciﬁcity compared with stand-alone coronary CTA
for identifying obstructive CAD at both the per-patient
and the per-vessel level. However, the sensitivity of a
hybrid cardiac imaging approach was comparable to
that of stand-alone coronary CTA.
TRANSLATIONAL OUTLOOK: Additional studies
are needed to determine the utility of hybrid cardiac
imaging in situations where it could prove most
clinically useful and its cost-effectiveness, as well as
which particular combinations of MPI and coronary
CTA have the most favorable diagnostic performance.
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598nonsigniﬁcance of the hybrid imaging approach
versus stand-alone coronary CTA at the per-patient
and per-vessel levels may be attributed to the issue
that not all included studies used invasive FFR as the
reference standard. Finally, there was substantially
high heterogeneity for sensitivity and speciﬁcity
among included studies. Furthermore, the source of
heterogeneity was not identiﬁed in the current meta-
analysis because of the limited number of studies
across each imaging modality. Therefore, our overall
conclusions are limited by high heterogeneity and
should be interpreted with caution. Despite these
limitations, efforts were made to select high-quality
studies, and the current meta-analysis represents a
synthesis of hybrid cardiac imaging. These ﬁndings
warrant further validation in larger prospective
studies.
CONCLUSIONS
The current meta-analysis suggests improved diag-
nostic speciﬁcity of hybrid cardiac imaging tech-
niques for identifying obstructive CAD as compared
with stand-alone coronary CTA. However, the
improvement in overall diagnostic performance was
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